In this study, a musculoskeletal robot is used as a tool to investigate how animals control their complex body. Sprinting is a challenging task that requires maximizing the potential resources of a musculoskeletal structure. Our approach to robotic sprinting is the Athlete Robot -a musculoskeletal robot with elastic blade feet controlled by feedforward motor command. We use a catapult launcher to provide a stable start to a sprint, and then examine the relation between the initial velocity imparted by the launcher and the change in orientation of the robot. We also investigate the influence of the change in elasticity of the blade foot. The results show that acceleration causes anterior inclination after the first step. The elasticity of the foot dominates the duration of the support phase. The musculoskeletal system of the Athlete Robot is modified to suit catapulted running. Based on the results from real robot experiments, we can provide a consistent propelling force using the catapult launcher. We demonstrate the Athlete Robot running for five steps after a catapult launch, using only feedforward command.
Introduction
The dynamic movement and the agile legged locomotion of animals are very important subjects from the perspective of the efficiency and control of complex nonlinear systems. In particular, running is a challenging task that entails maximization of the capacity of arobot. Although previous studies on a hopping robot presented the basics for legged locomotion using a simple mechanism [1] , animal locomotion based upon a musculoskeletal system ( Fig. 1) is not well understood.
The control of the ground reaction force plays a major role in legged locomotion in terms of providing the propelling force and maintaining a posture. There are several humanoid robots capable of bipedal running [2, 3] , but only a few robots employ a hardware design for force control [4, 5] . The hydraulic-powered biped PETMAN and the Atlas developed by Boston Dynamics are operated using the force control utilized in the quadruped robot BigDog [6] . The function of elasticity of tissue in dynamic movement is recognized in the field of biomechanics [7] , and biological insights suggest that utilizing the passive dynamics of the body, including elasticity, improve the performance of a legged robot. However, only a few applications of a musculoskeletal system in legged robots have been studied to date. The Kotaro and Kojiro robot is a full-size humanoid robot driven by a number of wire tension actuators [8] . The robot mainly demonstrates the advantages of flexibility derived from a redundant layout of actuators and a flexible spine structure. Lucy is another bipedal musculoskeletal robot driven by an antagonistic mechanism using a pair of pneumatic muscles [9] , but has only monoarticular muscles. The robot uses zero-moment point (ZMP)-based motion planning for walking with joint angle control. Another study concerns an anthropomorphic musculoskeletal robot [10] , which performs quasi-passive walking, hopping and dash of a few steps. This robot has a limitation, which is controlling air flow using the on/off function of solenoid valves.
Our objective is to study sprinting by a musculoskeletal Athlete Robot based on the anatomical structure of a human being. The robot is driven by pressurecontrolled pneumatic muscles, and also has monoarticular and biarticular muscles. A human athlete can sprint from a block start. The sprint start is one of the skills that provide initial velocity and potential energy for the runner. We propose the use of a catapult launcher to replace the skills of the sprint start. In this study, we focus more on experiments using a real robot than on dynamic simulations. This is because issues such as uncertain contact, limited response of the actuators and restricted resources for computation are considerable constraints to understand the principles of animal locomotion.
Athlete Robot

Musculoskeletal Athlete Robot
The Athlete Robot is a bipedal robot designed for sprinting using a biomechanical approach [11] . The robot weighs about 10 kg. The body height, length of thigh and shank are 1.2, 0.3 and 0.36 m, respectively (Fig. 2) . The human body is comprised of unique mechanisms such as elastic tendons, biarticular muscles and antagonistic drive. Like the human body, the Athlete Robot has an artificial musculoskeletal system that mimics the anatomical structure of the human body ( Fig. 3 and Table 1). The elasticity of the tendons around the ankle joint is simply implemented as an elastic blade. The pneumatic muscle actuators used for the system allow agile and compliant movement of the robot. Although the pneumatic actuator is not suitable for precise position/angle control, force/torque control can be easily achieved by using pressure control. We employ custom-made proportional control valves to control the inner pressure of the muscles. The robot is equipped with a miniature computer, valves and an accumulator. Electric power and compressed air are provided by external equipment. A contact sensor for each foot, a pressure sensor for each muscle and an inertia measurement unit (IMU) are available for measurement.
Catapult Launcher
To provide the initial velocity for running, we use a catapult launcher (Fig. 4 ). An air cylinder with a diameter of 32 mm and a stroke of 200 mm generates the pneumatic thrust force. The initial velocity can be determined by regulating the air supply range of 0.0-0.9 MPa. Roller sliders attached to the robot and double linear guide rails on the launcher allow smooth acceleration. The air cylinder is connected to a solenoid valve operated by a push-button switch. The robot can detect the time of launch by using a limit switch. To ensure a stable launch, the catapult launcher has a weighted base, which is fixed to the floor with an adhesive medium.
Design of the Athlete Robot
Simulation Setup
In order to investigate appropriate parameters of the robot adapted to use in a catapult launcher, we use a dynamic simulation. In particular, we optimize the number of muscles and the spring property of the elastic blade foot by means of a dynamic simulation using OpenHRP3 [12] . The physical parameters of the body parts are calculated from the 3DCAD models. Data on the shape of the blade foot used for detecting ground contact in the simulator are also imported from 3DCAD. Figure 5 shows a geometric model and a configuration of the degrees of freedom of the robot for the simulation. We modeled the elastic bending of the blade foot as a translational spring. A theoretical model and characterization of pneumatic muscles is presented in Ref. [13] . We also take account of the delay in pressure response and an energy loss based upon the pilot study. 
Muscular System
The robot has monoarticular muscle groups and biarticular muscle groups corresponding to the major muscles of the lower extremities of a human body. Each muscle group consists of several muscles. We determined the parameters for the moment arm of each muscle group and the number of muscles in a group based upon the data in biomechanics [14, 15] . The number of muscles in each muscle group is critical for the Athlete Robot because it uses almost 100% of the maximum force output. To achieve faster running, we have to provide additional muscles to the robot. It is expected that an inadequate number of muscles would cause a loss of balance and in ability to support its own weight. On the other hand, there is a tradeoff between the number of muscles and the increase in weight of the additional valves.
We investigate the relation between the initial velocity imparted by the catapult launcher and the rotation of the trunk after the first step (Fig. 6 ). The result shows that anterior inclination of the trunk increases with an increase in the initial velocity. Thus, an adjustment of the ground reaction force is required to avoid the robot falling as a result of forward rotation. The relation between the muscle tension force and the output force on the end-effector can be described by using a Jacobian matrix [16, 17] . Figure 3c shows the force components acting upon the foot corresponding to each muscle. The Gmax gluteus is responsible for preventing the robot from leaning forward around the center of mass. Therefore, we increased the number of members of the Gmax muscle group from four to six in each leg. Figure 7 shows the strength of each muscle and a comparison with human data.
Blade Foot
The tendons in the human lower leg play crucial roles in energy storage and impact absorption. In the robotic arm literature, elastic elements have been employed both for their force control and their compliance [18] . Passive, compliant legs have also been used for agile multi-legged robots, inspired by insect locomotion [19, 20] . Biomechanical studies indicate that the human lower leg behaves in the same manner as a spring during dynamic movement [21, 22] . In addition, a human athlete using running-specific prostheses can perform sprinting that is close in performance to that of able-bodied people [23] . Therefore, we designed the robot foot as an elastic blade.
We tested the effect of changes in the spring property through simulation experiments. We performed a mono-leg bounce from a drop height of 1.0 m in a static posture (Fig. 8) . The posture of the robot is sustained by antagonistic activity of the muscles. The muscle activation for the stance leg is set as: In this experiment, we change the kicking strength by using different weights of K = 1.0, 0.8, 0.6, 0.4 and 0.2 with various spring constants. The result shows that the spring constant of the blade foot is dominant for the time period from ground contact to takeoff (Fig. 9) . In other words, thrust strength does not have a significant effect on contact time. Meanwhile, the amplitude of velocity on takeoff depends upon the applied thrust strength (Fig. 10) . The control range of the takeoff velocities decreases with the increase in spring constant. A small spring constant causes the robot to fall before bouncing. Although a short contact time is desirable to maximize the pitch and stride of running, the robot has a limited time constant in the pneumatic system. We chose a spring constant of 6125 N/m for the blade foot to maximize the control range of the takeoff velocity under the limited response of the pneumatic system. We modified prosthetic legs intended for a human athlete (Ossur, Flex Foot Cheetah) for the robotic feet. The reported stiffness of the human Achilles tendon is about 150-200 × 10 3 Nm −1 under in vivo condition [22] . We can scale the stiffness for the robot by using body weight. The converted stiffness for the robot becomes 5250-7250 Nm −1 , if we assume a 70-kg human subject and a 1:4 leverage ratio for the ankle joint. The actual stiffness of the blade foot of the robot is within the range.
Running Experiments
Motor Command Generation
We used a dynamic simulator to model bipedal running from a catapult-assisted launch prior to conducting actual robot experiments. The launcher is modeled as a horizontal thrust joint connected to the trunk of the robot. The motor command for running is derived from exploration and optimization through trials. The combination of constrained random sampling and hill-climbing optimization is used to obtain a muscle activation pattern for running. We use binarized human electromyography (EMG) data as the constraint for random sampling. A running gait cycle consists of two major phases: a thrust (support) phase and a swing phase. We divide the swing phase into two phases: a recovery swing phase and a foot-descent phase based on the presence of a zero crossing of hip joint torque in kinetic data on human running. The continuous EMG profile of each muscle is binarized with a threshold on each phase as shown in Fig. 11b . The threshold is set to the half-peak voltage of the EMG signal for each muscle. In a subsequent random sampling for the generation of initial values for hill-climbing search, a signal with a zero level in the binarized EMG means a suppression to zero. From the results of the kick and bounce experiments, the duration of the thrust phase is determined by the stiffness of the blade foot. The total length of the aerial phase is determined by the takeoff velocity. Therefore, we have to search only for the ratio between recovery swing and foot descent. Eventually, the parameters for exploration are: muscle activation level for five muscle groups at each phase, the splitting ratio of aerial phase and the start time for motor command after launch. Figure 11c shows an acquired best muscle activation pattern obtained through a 300-point random sampling and 150-step hill-climbing optimization based upon human EMG data during running [24] [25] [26] . The length of the aerial phase is estimated by using the adjacent takeoff velocity. The initial velocity of the robot is (Fig. 12) . The mean velocity of the robot was about 2.1 m/s. The learned percentage of the descent foot phase was 32% of the total swing phase. The simulations predict that the robot can successfully run more than 10 steps at feedforward control using simplified muscle activation patterns.
Single Muscle Activation
As a pilot study, we measured the ground reaction force corresponding to the activation of a single muscle by using a force plate. The robot was suspended from a ceiling beam, with the legs touching the force plate. We recorded the motion using a Vicon motion capture system and Kistler force plates. The initial ground reaction force is reset to zero. Then we applied pressure to a particular muscle. As shown in Fig. 13 , the measured ground reaction force is consistent with the theoretical prediction. The VAS muscle generates force directed to the hip joint and a Gmax muscle generates forces directed to the knee joint. The results show that we can directly control the direction of the ground reaction force by muscle activation.
Real Robot Experiment
We investigate the operating conditions of the catapult launcher as the first step to obtain the desired starting velocity for the robot. Figure 14 shows the resultant forward velocities with various supply pressures. The results show that the initial velocity of the robot corresponds to the supply pressure. The observed saturation of a high supply pressure is due to the limitation of the flow rate. We set the target initial velocity to 2.0 m/s based on the findings of the simulation study. We also evaluate the repeatability of the launcher. The results of the 10 trials show the deviation in velocity is within ±5% of the desired velocity, as shown in Fig. 15 . A stable launch is essential for good subsequent running movement.
A series of running experiments were conducted with the real Athlete Robot. The experiments required 20 trials for the manual modification of the muscle activation pattern given by the simulation. In particular, we changed the scale of the motor command to deal with modeling errors of weight and ground contact. Although the simulation uses information on the length of the aerial phase estimated from takeoff velocity, we manually determined the length through trials due to the poor signalto-noise ratio of the IMU data. The movements of the body segments are measured using a Vicon motion capture system. The ground reaction forces are measured with three force plates. We used rubber sheeting on the soles of the robot's feet and conducted the experiments on a carpeted floor. We also fitted a rubber suspender to the robot, which is slack during running to prevent damage to the robot in case it fell. The Athlete Robot could achieve five running steps and travel a distance of about 4 m at a mean velocity of 2.42 m/s (8.7 km/h). The Froude number for legged locomotion [27] is estimated as Fr = v 2 /gl = 0.90, where v is the velocity, g = 9.80 m/s 2 is the gravity acceleration and l = 0.663 m is the leg length. Figure 16 shows photographs of the robot sprinting from the catapult launcher.
Results and Discussion
The forward velocity and the ground reaction force during bipedal running (Fig. 16 ) are shown in Figs 17 and 18 . The velocity profile represents a smooth transition to steady running from the launch. The robot starts running at a constant velocity on the second and third step. The forward speed decreases on the fourth step and the robot falls after the fifth step. The elastic blade foot generated bell-shaped vertical ground reaction forces with no impulsive component. The blade foot stored energy during the first half of the supporting phase and released it during the second half. The positive part of the horizontal force means acceleration. We believe the double peak in the ground reaction force of the fourth step indicates an unsuccessful support attempt. The fifth step occurred outside of the force plates. Rotation around the yaw axis was ignorable due to the small mass on the toe and the small distance of the hip joints.
The applied muscle activation patterns and measured pressures of the muscles are shown in Fig. 19 . Muscle activation strength rises predicatively prior to ground contact. The optimized motor command takes account of the delays in pressure response of the muscles. We observed that a time lag between motor command and actual ground contact resulted in insufficient support for the robot and in the robot falling in later steps. The skilled movement of sprinting was successfully generated from the simplified muscle activation patterns-based on the human EMG data. The results show that feedforward control can play a significant role in agile movements.
Conclusions
We proposed a biomechanical approach to bipedal running with a musculoskeletal Athlete Robot using a catapult launcher. The catapult launcher duplicates the skilled sprint start of a human begin and enables detailed analysis of steady running. We investigated the relation between initial velocity and body rotation after the first step. We found that an increase in launch speed causes forward tilting. We also discussed the characteristics of the robot's elastic blade foot during the support phase. The result shows that the spring constant of the blade foot dominates the duration of the support phase. The muscle activation patterns for sprinting were generated by exploration and optimization through dynamic simulation. We demonstrated that the robot can run five steps at a velocity of 2.42 m/s (8.7 km/h) using an open-loop motor command. The ground reaction force during running presented a bell-shaped profile without impulse despite using simplified muscle activation patterns. The results showed the significant contribution made by an elastic lower limb and predictive motor command in agile legged locomotion.
The use of sensory information to supplement feedforward motor commands will be the subject of future work. Extending this method of running to various speeds and steering control will also be explored in future research.
